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Abstract

A series of models have been CIC.VC101IM1 to describe thetemperature distribution
o f thermionic cathodes in high current discharges in an effort to evaluate cathode
scrvice life. A number of experimental measurement.s have beenmade to validate these
models and provide values of theinput parameters. A database of axial temperaturc
distributions on a cylindrical, 2 percent thoriatedtungsten cathode has beencollected
for currentlevels ranging from 600to 1000 A at an argon mass flow rate of 0.75 g/s
and ambient gas pressures ranging from 1500 to GOOO Pa. A dditional measurements
indicate a surface emittance of shout 0.6.The variation of the attachment area with
current and pressure was characterized by measuring the intensity distribution of an
argon ion line near the cathode surface. Pressure measurements made at the tip of
the cathode sllowccl a consistently lower tip pressure than the tank pressure measured
on the chamber door. Yexamination of thesurfaces of secveral cathodes after varying
lengths of operation shows the evolution of surface microstructure and reveals the
preferential deposition of thorium metal on the cathode tip.

Introduction

The service life of thermionic cathodes is important for a number of high current discharge
devices, particularly scveral classes of electric thirusters such as clectrothermal arcjets and magne-
toplasmadynamic (MI'])) engines. l.ow thrust levels dictate burn tiines of several thousand hours,
and the cathodes of these devices are oftenthe life-lilniti]lg component. lligh-current cathodes are
subject to failure modes whi ch can be classified as cither event-conseq uent 017 the result of damage
accumnulation. Fvent-conscquent failures, such as cathode melting as a result, of cxcessive resistive
heating, arc the result of a single catastrophic event and can beadequately characterizedby testing
alone. However, it is impractical to characterize the failure risk associated with damage accumula -
tion failure modes by testing alone because of the extremely long test durations required to observe
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the failures. Validation of cathode service life under conditions where damage accumulation Tailure
modes are critical therefore must rely heavily on modcling of the physics of failure. The role of test-
ing is to identify the critical failure mode , validate the models of failure and provide information
on the model input parameters such as materjal properties and operating environment.

High current cathodes are being studied at the Jet Propulsion Laboratory as a part of the Ad-
vanced Propulsion Concepts program. The goal of the program is to develop long-lived cathodes
and the analytical tools to validate their service life. Cathode erosion, which appears to be the
dominant damage accumulation failure mode, has been shown to depend strongly on the cathode
temperature [1]. Therefore, part of this study is intended to provide a simple means of predicting
the cathode temperature for various thruster operating conditions. In addition, the thermal char-
acteristics of the electrodes must be known to compute the overall thruster thermal loads to the
spacecraft. Models must also provide the appropriate boundary conditions at the cathode surface
for models of the operating characteristics of the thruster. For example, the current contours within
the magnetoplasmadynamic thruster cannot be specified independently of the cathode temperature
distribution because the majority of the current is from thermionic emission. Since the cathode
model boundary conditions also depend on the characteristics of the main plasma, the two models
must be ultimately coupled to obtain an overall model of the cathode region of the thruster.

A series of models describing the cathode and plasma interaction are being developed. The
cathode model consists of two parts, namely a near-cathode plasma model and a thermal model of
the cathodef[2). The near-cathode plasma model connects the properties of the main plasma with
the cathode. Specifically, given the plasma properties within a mean-free-path of the surface, the
near-cathode model predicts the heat flux and current density to the cathode surface. With these
boundary conditions and the traditional thermal transport mechanisms, the thermal model can
predict the temperature distribution within the cathode. Because of the interdependency of the two
models, they must be solved simultancously. Theinput parameters used by the model for the plasma
consist of the sheath voltage, the clectron temperature, the pressure, the ionization cnergy of the gas,
the ion mass, the surface work function, and the surface temperature. The arc attachment arca is
also specified to limit the total current, which is calculated using the given attachment area and the
calculated current density distribution. The thermal mode! inputs consist of the base temperature
or heat flux, the convection coeflicient and environmental temperature, the surface emittance and
environmental temperature, and the materjal thermal conductivity and resistivity. A secries of
thermal models have been developed with different levels of approximation. The nonlincarities
of the system equations can present numerical difficulti The simpler, one-dimensional models
can be used to provide starting points for the more complete two-dimensional models, significantly
reducing the computational time required. Although the quasi-two-dimensional models provide a
good first approximation, a two-dimensional model is required for a detailed understanding of the
processes involved.

The focus of the experimental part of the program is to test new cathode concepts, identify the
critical failure mechanisims, provide a database of measurcments to validate the cathode models
and determine the values of the critical model drivers such as work function and gas pressure,
"The purpose of this paper is to present a database of temperature profiles recently obtained over a
range of ambient pressures and current levels for cylindrical, 2 percent thoriated tungsten cathodes,
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Comparisons of the model with preliminary thermal data showed good agreement at currents below
about 1000 A and pressure levels greater than 1500 Pa 3], so these experiments concentrated 011 this
parameter range. n addition, the cathode surface emittance, the size of the attachment arca, the
pressure on the cathode tip and the distribution of thorium, which determines the work function,
were characterized to provide inputs to subsequent modeling effor ts.

¥xperimental Apparatus
The Cat hode Test Facility

The cathode test facility is sliowninthe diagraminIlig. (1). The stainless stecl vacuu 1l chamber
IS 0.5 mindiameter and 2.4 mlong and is composed of 4 water-cooled cylindrical segments.

In addition, a water-cooled copper liner has beeninsertedin the middle two segments to periit
long-duration operation. As the schematic in Fig. (2) shows, thefirst segment form Sthedischarge
chamber. A water-cooled, ring-shaped copper anode with a diameter of 7.6 cin iS mounted 011 a
flange located between and cle ctrically isolated fromn the first two tank segments. The cathode
fixture mounted on the vacuun chamber door is composed Of tWO coaxi al tubes elect rically isolated
from each other and the door with micarta rings. The inner tube serves as the cathode current feed
and has a water-cooled cap 011 the end to which the cathode is clamped. The outer tube is clec-
trically floating and has a water-c.oolcxl copper disk mounted on the end with anaperture through
whi ¢h the cath ode protrudes. The propella nt gas is injected between the two tubes and flows into
the discharge chamber through an anunulus around the base! of the cathode. Th e interelectrode gap
is sct by the thickness of a spat.m in the cathode assembly. The cathodes used in this investigation
were rods of 2 percent thoriated tungsten 76111111 long and 9.5 mmin diameter with hemispherical
tips. The last tank segment contains a heat exchanger made of water-cooled, finned copper tubing
to cool the exhaust before it enters the pumping system. The tank has a number of ports whit.]t
provide oplical access to the discharge chamber as well as the plume. In addition, the cathode and
the discharge canbe viewed along the tank axis through a window at the rear of the tank.

The vacuuin chamber is p umped by a 610 1/s Roots blower backed by a140 1/s Stokes mechan-
ical puinp. The system iS capable of achieving a vacuum of less than 0.13 Pa with no propellant
flow slid ap proximately 80 PPa with anargon flow rate of 0.75 g/s. ligher ambient gas pressures
arc achieved by throtiling the pumping speed with a valve 011 a bypass around the main vacuu
valve. The ambient pressure can be controlled to within approximately 4 30 70 Pa . The arcis
powered by two Miller welding power supplics, cach of which can provide 1500 A at a load voltage
of 40 V continuously or 2000 A at 40 V witha 50 percent duty cycle. The initial arc breakdown is
accomplished with a 4 A, 850 V start supply.

Diagnostics

The factory shunts in the Miller welders have been replaced with precision shu nts that are used
to monitor the arc current. The terminal voltage is measured at the current feedthroughs into the
tank. The propdlant flow rate is measured with a Sierra lustruments Side-Trak Model 830 flow
meter and a Micromotion Model D6 flow meter and controlled with a throttling valve Jocated just



Figure 1: Diagram of the cathode test facility.

Figure 2: Schematic of the electrode configuration.
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upstream of the inlet to the cathode fixture. The flow meter output was calibrated by measur-
ing themass 10ss from an argon bottle as a function of time. Three MKS Barotron capacitance

ma nometers with ranges of O 133 I's, () 1.3 x 10°Pa, and O 1.3 X 10° Pa are used to monitor
pressures. The three transducers are mounted ina single manifold with two input tubes. Oucline
micasures the tank pressure through a feedthrough 011 the chamber door. A special cathode was
fabricated with a 1 mm diameter hole bored the entire length along the centerline, which serves as
a pressure tap {o measurc the p ressure a the cathode tip. This pressure tap was connected to the
other manifoldinlet. Either pressure could be read independently by valving ofl the other input.
These parameters and a number of facility teaperatures are recorded With a Macintosh computer
system utilizing, LabView software and National Instru ments multi-function 1/0 cards.

A CIDTEC 2250-1) Charge Injection Device (CID) camera was chosen as an optical pyrometric
sensor t0 measure the two-dimensional temperature field on the catliode. The system optics are
composed of two interference filters with @ 10 mm bandpass centered at 632.8 min and a long pass
filter with a cutofl wavelength of 570 nm. The camera lens aperture is fixed at a relatively small
valuc of {/4 and neutral density filters are used to control the image intensity. The imaging array
has 512 x 512 CID detectors which arc read out at a maximuin rate of thirty times per sccond.
These values are converted to an analog signal, which is then further processed and output as a
normal video signal by the camera electronics. The video signal is digitized by a Data Translation
D T-2862 8-bit fralllc-grabber board, which yields a final value between O and 255 corresponding to
the incident power. The camera output was calibrated as a function of incident radiance using a
tungsten ribbon lamp. The calibration p rocedure and a detailed error anal ysis for the temperature
measurements are discussed in [4].

In the experitnents the camera and optics were mou nted outside the chamber about 39.5 ¢
from the cathode. The video output from the cammera was digitized to provide real-time monitoring
Of the temperature distribution. One line in video memory chosen to correspond to the axis of the
cathode was sampled from each frame. A given number of lines were averaged, displayed in real
time, and periodically stored on disk.

The sur-facel emittance was measured using a special cathode fabricated with radial cavities
located at axiallocations 4.5,10 and 15 mi from the cathode tip. The 1 mm diameter, 4 mm deep
cavities were formed by electrodischarge machining. FKxperiments and theoretical calculations yield
an emittance of about 0.95 for cavities with this length-to-diamcter ratio and rough walls [5,6].
The emittance of the surrounding cathode surface was calculated by comparing the radiance of the
cavities with the surface radiance.

The camera was aso used tostudy the extent of the arc attachment region. Two interference
filters with a 10 nm bandpass centered at 488 nin were used to sclect radiation from an intense
argon ion line. Fntire images of the cathode and near-cathode discharge region were then captured
with the frame grabber board and analyzed to yicld the lateral intensity distributior . T'lese
measurements were used to calculate ariupper boundonthe arc attachment area and the average
current density in the attachment zone.

Emission spectroscopy was also used to resolve certain features of the bright plasma near the
cathode surface. An image of the cathode was formed 011 a screen with a lens mounted outside the
vacuum chamber. A length of fiber optic cable was installed with the 100 micron diameter inlet



located atthe center of thesercem and flush with the image plane. The sereen and fiber inlet were
mounted on a micrometer- operated X-Y translation stage so that the inlet could be positioned at
any desired point in the image. With this technique, light-gathering with high spatial resolution
from any image point could be achieved. Thelight emerging from the fiber exit was focused on
the entrance slit of a one-meter McPherson monochromator using an optical system designed to
match the fiber numerical aperture with that of the monochromator. Variable monochromator slits
were set at 30 to 50 microns and a 1200 groove per mm graling was used to disperse the light,
providing a potential resolution in first order of 0. 10 Angstroms. The output of aHamamatsu R928
photomultiplier tube was displayed on astrip chart recorder.

The surface microstructure and elemental composition of cathodes after operation for various
lengths of time were analyzed using a scanning electron microscope (S 1'M) and energy-dispersive
spectroscopy (1')1)S), These mcasurements were used to characterize changes in the surface finish
and the distribution of thorium metal onthe surface.

Experimental Results

Cathode Surface FKmittance

Knowledge of the emittance is not only of importance in predicting the radiant heat flux asa
boundary condition on the thermal models, it is also required to convert the radiance mnecasured
directly by theimaging pyrometer to surface temperatures. The cathode withthe three cavities was
imagedina series of experiments at 1000 A withtank pressures of 1500 to 3000 Paandargon mass
flow rates of ().25 to 0.75 g/s. The radiance from the back walls of the cavities and from spots on
the cathode surfs.c.c inthe same axial locations and approximately 1mm from the centerline of the
cylindrical cavities was mncasured. The surface emnittance calculated from the ratio of theradiances
and a cavity emittance of 0.95 is showninlig. (3). The emittance is essentially uniforin along this
part of the cathode and ranges from 0.53 to 0.66. This is higher than emittances measu red by de
Vos on polished tungsten ribbons [7] andin similar experiments by Myers [8]in a low power MI’])
thruster, but agrees wc]] with later measurements by IFillmore on asimilar thruster [6]. Subsequent
clemental analysis of the area surrounding the cavities using I'nergy Dispersive Spectroscopy (1EDS)-
showed only pure tungsten, but Scanning Electron Microscope (S 1XM) examin ations revealed a very
complex microstructure. The observed increase inemittance is consistent with measurements for
tungsten with a characteristic surface roughness of 1-3 microns [9).

Wihen plotted as a function of the local temperatureinkig. (4), the measurements indicate a
dlight decrecase in emittance with increasing; temperature. This behavior was also observed by de
Vos [7] and Fillmore [6]. A mean value of about 0.57 was chosen for al subsequent thermal data
analysis.

Axial Temperature Distributions
The focus of this experiment is the development of a database of temperature measurements for

uscin validating the models. The axial temperature distributioninthe first 15 to 40 mm of the
cathode (mcasured from the tip) was determined using the imaging pyrometer for currentlevels of
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600, 800" and 1000 A, tank p ressuves of 1500, 3000, 4500 and 6000 I'a and an argon mass flow rate
of ().75 g/S. Typical results are showrniinFigures (5) (8).

At the tip, the temperature increases weakly with current for all pressures. However, a more
dramalic increase in temperature With current 1S observed on the cathode shaft, The location of
the attachment zone edge was estimated by filter photography (described in detail in the next sece-
tion) and plotted on the temperature profiles. Inall cases the behavior of the temperature profile
upstream of the attachment zone edge iS very regular, reflecting thermal transport dominated only
by conduction, radiation and convection. Inside the attachment zone, where the more complicated
arc hecating mechanisms dominate, the profiles are more complex. A qualitatively different tem-
perature distribution occurs for the lowest pressure, as first observed in [4]. At lower p ressurces
a temperature peak is located on the shaft of the cathode, while at higher pressures the peak is
located on the tip. Many of the temperatur ¢ profiles at higher pressu re also show a change in slope
inside the attacl inent zone. The intensity peak at the tip may contain some contribution fromn
plasma radiation, cither the continuu m in the 10 nin bandpass of the 632 nm interference filter or
the integrated effect of plasma radiation collected in the wings of the blocking filters. However,
measureme nts of the plasinaintensity off of the cathode surface indicate that this contribution is
small.In addition, the timescale for decay of thetip intensity peak when the arc is extinguished is
much longer than the plasma decay timescales, proving that the peak is duc to surface luminosity.

The variation of the peak temperatures with current and pressure is sumnarized in Fig. (9).
This figure shows the weak dependence of peak temperature on current and the much stronger
effect of tank pressure.

The profiles in Fig. (6) demonstrate the degree of irreproducibility in the cathode teinperature
for the same operating point. While the tip temperature is generally quite repeatable, temperatures
on the shaft can vary by as muchas 100 K from one trial to the next. The shapes of the curves are
all very similar, but in some cases they are displaced upward by the appearance of a temperature
peak or platcau upstream of the tip. This suggests that additional heating is occurring in this
location which pulls the distribution to higher temperatures. Some of the irreproducibility can be
attributed to varying run durations, because the temperature distribution appears to evolve with
time. The evolution of the temperature profile during a five hour run at 1000 A, 3000 Paand
0.75 g/s is summarized in Iig. (10), which displays the tip temperature calculated assuming an
emittance of ().57 andthe temperature at cach of the three cavities calculated with an emittance
of 0.95. The dotted lines are interpolated values in regions where the tip temperature and cavity
temperalures were not available because the measurement line was moved off’ of the axis to monitor
the radiance outside the cavities. The discontinuous increase inthetemperatures a about
10 minutes clapsed time occurred when the current was increased from the start value of 800 A
to the 1000 A operating point. After a trausient lasting only several minutes, the tip temperature
becomes relatively constant at 2750 2780 1{, However, after about two hours the teinperature on
the shaft starts to climb. The high temperature zone is effectively ereeping back 011 the cathode
shaft. The fact that the cavity radiance shows this effect suggests that it is a true increase in
temperature, not just anincrease in emittance. These transients are most likely duc to anincrease
inthelength of the attachment zone precipitated by changing surface conditions, as discussed below.
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The Are Attachment Area

The extent of the arc attachment zone is an important parameter in the model because it deter-
mines what fraction of the boundary is subjected to the arc heat inputs and is used computationally
to limit the total current to the desired value, is, of course, very diflicult to measure directly the
surface current density or the heat fluxes. In these experiments the arc attachment region was iden-
tified by using filter photography and emission spectroscopy to resolve the regions of most intense
argon ion line emission. This approach should give an estimate of the attachment on the cathode
surface. A typical image of the cathode and discharge region captured with the CID camera using
two 488 min interference filters is shown in Fig. (11) with a contour plot of the 488 mn Ar 1 line
intensity distribution. The contours represent lines of constant camera response in gray levels and
start fromn 30 on the outside, increasing inward in increments of 30.

This example shows the common features of the arc attachment zone. There is a strong axial
gradient in intensity downstreain of the cathode which is probably due to a decrease in current
density as the current lines diverge toward the anode, and a drop in density and temperature as the
flow accelerates. There is also a strong radial gradient that reflects a true increase in density due
to magnetic pinching and an increase in integrated lateral luminosity due to a lengthening optical
path length through the cylindrical plasma columm. To transform the lateral intensity distributions
to true radial intensity profiles requires the use of an inversion technique. The capability to invert
image data using an Abel transform to resolve these two possible effects is now being implemented,
but the results were not, yet available for this paper. All of the profiles show a strong peak in intensity
along the hemispherical tip of the cathode. T'wo experiments were performed to verify that this
peak is not due to cathode surface luminosity. First, the intensity in this region was monitored
during arc extinction, which revealed a decay transient lasting less than 1/30 of a sccond, the
minimum temporal resolution of the camera system. Second, a monochromator was used to gain
finer spectral resolution of the intensity peak than the filter photography could provide. In axial
scans from the cathode shaft into the plasma plume downstream of the cathode a strong peak in
the intensity at 488 nm similar to that in the photographs was found, but no increase in luminosity
was observed in the continuum near the 488 nm line. These two experiments confirm that the
observed peak is due to intense argon jon line emission. The large radial extent of the intensity
plateau at this axial location also suggests that it is not Just due to the longer optical path along
the center of the image. This bright plasma cloud on the tip of the cathode may be the ionization
zone Jocated above the sheath, marking the part of the attachient zone with the highest current
density.

The intensity distributions measured at a number of different discharge currents and tank
pressures are presented in Fig. (12). All of the contours presented here have been adjusted to the
same relative intensity so that they can be compared. Comparison of the images reveals that the
size of the attachment zone increases with current and decreases with tank pre sure, as predicted by
the models [3]. This behavior was also observed by Hiigel [10). The distributions for a pressure of
1500 Pa show much more plasma intensity along the cathode shaft, mirroring the behavior observed
in the temperature measurements.

A quantitative estimate of the arc attachment axial length and arca was obtained from these
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Figure 11: Distribution of the 488 nm Ar 11 line intensity distribution a 800 A and 1500 I’a.
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Figure 12: Comparison of 48811111 Ar 11 lincintensity distributions.
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images by using the last contour line as the attachment zone edge. The axial length and enclosed
area arc plottedinFig. (13) as functions of current and pressure.

These values in general arc much larger thau the attachinent arca calculated with the cathode
models [2,3]. Using the entire plasma zone may therefore overestimate the heat input area which
is required by the model. As suggested above, theextent of the bright regionat the tip inay be a
more appropriate length scale for the arc heating arca. A quantitative assessment will be atteinpted
when true radial intensity profiles are avail able.

The upper bound on arc. attachinent arca was used to calculate the average current density.
The results are plotted in Fig. (14) as a function of current and pressure. The values are relatively
constant for a gi ven pressure, reflecting a roughly linear relationship between attachment area and
current, and range from about 100 A /cm? for 1500” Pato 800 A/cin? for 6000 Pa. Because the
temperature increases considerably downstream of the attachient zone edge, a highly nonuniform
axial current density distribution is to beexpected. These values of average current density will
therefore underestimate the current density in the tip. In fact, the edge of the luminous plasma
zone represents the point where the current density falls below a value which produces suflicient
ionization to make the plasma visible at 488 nm. Comparison of the attachment lengths with the
temperature profiles inFigures (5) (8) shows that this occurs at a cathode surface temperature
ranging from about 2200 and 2400 K.

Cathode TipPressure Measurements

The cathode thermal models are quite sensitive to the pressure near the cathode surface because it
plays an important role in determining the heat flux from the sheath region. The thermal models
have been modified to self-consiste ntly calculate the radial pressure gradient which is supported by
aradial j, By force, where j, is the axial current density and I3y is the self-iuduccd azimnuthal mag-
netic field [3]. Assuming a uniform current density given by Iroq /772, where I, is the total current,

and integrating this force over an arc. column of radius r. yiclds a pressure difference between the
ambient pressure and the centerline pressure of

2
foliot
) 2. - - - -
Pamp ~ ]ttp = 87(27'2 (1)

where ji, is the permeability of vacuum. F¥stimates based on this relationship using the current
levels and arc column radii from the experiments suggest that apressure increase of several hundred
Pa over the ambient pressure should be observed on the cathode tip. Such overpressures have been
experimentally confirmed in aself-field device under similar operating conditions [11].

However, inthese experiments the exact opposite behavior was observed. As showninlig. (1 5),
the pressure measured with the pressure tap on the centerline of the cathode is substantially lower
than the measured tauk pressure. The pressure difference decreases slightly with increasing current
andranges from 1600 to 1800 Pa for a tank pressure of 3000 6000 Yaandis about 1100 P’a for a
tank pressure of 1500 Pa.

A number of experiments were performed to test the validity of the pressure tap mecasurements.
Because the same pressure transducer was uscd to measure both the tank pressure and the cathode
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Figure 13: stimates of the attachiment zone axial length and enclosed arca.

centerline pressure, sensor effects such as electrical noise fromithe arc can be ruled out. A return
to the low centerline pressure reading after pressurizing and isolating the pressure tap line showed
that the p ressure tap in the cathode was not blocked during arc operation. As shown in Fig. (1 6),
the pressure measured through the pressure tap recovers to the tank pressure level whenthe arc is
extinguished and drops to the low value again when it is restarted.  After two hours of operation
the cathode pressure tap was examined and found to be undanaged. Afteratotal of ] 31101118
a thin shell of tungsten was discovered over the orifice, but cracks in the shell apparently still
provided sufficient communication to measure the pressure, but with a somewhat longer response
time. The problem may lie in the assumption that the tank pressure measured on the chamber
door app roximately 40 cin from the cathode tip is representative of the ambient pressure near the
cathode. ‘1'0 test this concept, a cathode with a second pressuretap located on the shaft upstream
of the attachment area is being fabricated. This should provide a better measurement of the local
ambient pressure.

Cathode Surface Microstructure and Chemical State,

The surface finish and chemical state of the cathode are iinportant because they determine to
a large extent the thermal radiation and electron emission properties of the surface. Iuthe models
the radiant heat flux varies directly with the cinittance and the current density depends exponen -
tially on the work function. Thorium oxide is added to tungsten duri ng the sintering process, and
at high operating temperatures is reduced by the tungsten, forming thoriuin metal which diffuses
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Figure 15: Underpressure observed at the cathode tip.
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Figure 16: Experiments conducted to test operation of the pressure tap.

to the surface and forms an adsorbate layer. The electric dipole layer formed by this electropositive
atom on tungsten lowers the cathode work function, facilitating the escape of electrons from the
surface and alowing a lower operating temperature. The variationin the work function with tho-
rium coverage iS shown inFig. (1 7) [12]. The coverage f is definedby O/ O., where o is the surface
density of adsorbed thoriumn atomns and o, represents the number density at the minimuin work
function. At low coverage the work functionapproaches that of purc tungsten, about 4.5 eV, while
at high coverage the work functionis close to that of bulk thorium metal, shout 3.27 ¢V. At high
temperatures the thorium metal evaporates from the surface. The equilibrium surface coverage,
which determines the lowering of the work function, is dependent on the relative rates of supply
by diffusion from the cathode interior and 10Ss by evaporation and mass transport through the
surrounding plasma [4]. Because of the extreme model] sensitivity to this parameter, it is essential
to characterize the extent of thorium coverage onthe cathode surface.

In this study five separate examination 0f cathodes using EDS in an electron microscope were
performed. The first cathode had been operated for a total of approximately 20 hrs andihe final
run had lasted about 1 hr. The same cathode was then polished and examined, and then tested
for about12 sccand studied again. The pressure tap cathode, with a cumulative operating time
of 13.3 hrs was examined after a finalrun of 6.5 min. Finally, the cathode with the cavities was
examined after a finalruntime of 5hrs, 13 minand a total operating time of & hours.

The examination of the polished cathode showed a pure tungsten surface scored by sandpa-
per with no appreciable thoriuin coverage, After the 12 sec runthe surface microstructure was
dominated by the surf rface cratering which occurs during the start phase. On start-up, the cathode
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Figure17: Variation of work function with thoriuin coverage on tungsten.

surface is too cold to support thermionic emission, SO current continuity iS maintained by a number
of highl y mobile hot spots. Althiough thie bulk temperature is low, the local temperature In thiese
cmission sites is well above the boiling point of the metal, so vigorous vaporization and” melting
occurs. This extremely destructive process forms sinall craters with dimensions ranging from less
than a micronto several hundred microns. The cmission sites heat the cathode,and after several
scconds the bulk cathode temperature becoines sufliciently high and the attachiment transitions
1o the thermionic mode disc ussed above. However, in the process the original surface becomes
obliterated by the cratering from thousands of tiny emission sites. The crater size increases with
hulk cathode temperature, so the largest craters are formed in the highest temperature region
just before transition to the thermionic mode. The S1EM examination revealed that anumber of
these large craters had deposits of thoriuminthem. Iigure (18) is a photomicrograph showing a
representati ve crater with a diamnceter of about 100 Inic.roils found odi the tip of this cathode. The
light er smooth regions and globules are thorium metal. The cratering process apparently serves to
excavate deposits of thorium from the cathode bulk.

The cathode tested for 6 minutes was si milar in appearance to the cathode tested for 12 sec. The
microstructure on the shaft of the cathode that had been operated for about 1 hr was also dominated
by the initial cratering process; however, significant surf rface restructuring and redistribution of
thoriu m had occurred 011 thetip. A largecircular region onthetip was composed of a porous
tungsten structure that looked like a coral reef. This was surrounded by a ring composed of tiny
rectangular crystals of pure tungsten,asshowninlig. (19). Many of thelarge craters were filled
to the rim with porous accumulations fo these crystals, as s]iowninkig. (20). These structures
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Figure 18: Thorium deposits on floor of crater found after 12 sec of operation.

are probably formed by recrystallization of tungsten at high operating temperatures or by vapor
deposition of tungsten.

The most astonishing feature of this cathode, however, was the enormous concentration of
thorium on the tip. The rough, ligher material sincared amongst the crystalline structures in
Fig. (19) is thorium metal. Such deposits were found all over the tip, demonstrating clearly that
some p rocess results in the concentration of thorium on the hottest part of the cathode surface.

Ixamination of the shaft of the cathode that had been run for over five hours revealed thorium
deposits onthe floor of large craters about 15 mm fromn the tip. The shaft dowhstream of this
point appeared to be depleted of thorium. Substantial restructuring of the tip had also occurred
on this cathode, with the characteristic tungsten crystals, coral-like strut.tur(!s andclogged craters.
However, on the extreme tip was an extraordinary new feature. A circular region approximately
1.6 mmin diameter was composed of structures that 100lied like fern leaves, as shownin¥ig. (21).
The stemn and ribs of the structures arc puretungsten, and the material that appears to have
flowed between them is pure thorium. A magnified image of one of the leaves is shown in Fig,. (22).
EDS analysis reveals that thorium metal has accuinulated between cach of the ribs shown in this
photomicrograph. In other arcasonthetip the surface was composed of scalloped or wave-like
structures as showninFig. (23). Iach of these pure tungsten depressions is filled with a tiny
lake of thorium, The cathode tip temperature exceeds the melting temperature of thorium, so
the cathode tip must operate with pools of molten thorium metal which collect in the depressions
between the tungsten structures.

Thorium can apparently be supplied to the surface from a thin layer by diflusion along grain
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Figure 19: Smnooth tungsten crystals with deposits of thorium found after 1 hour of operation

Figure 20: Craters c.logged withtungstencrystals after 1 hour of operation.




Figure 21: Tu ngsten and thorium sty uctures found on the tip after 5 hours of operation.

Figure 22: Magnified image of the fern-like structu res.
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Figure 23: Tinytungsten depressions filled with thorivin metal.

boundaries or pores [1 3], and atthe temperatures observedinthese experiments the desorption rate
of thorium greatly exceeds the diffusion rate from the interior. The discovery of large quantities
of thorium on the hottest part of the cathode proves the existence of an additional mass transport
step which limits the rate of thorium 0SS, Zimin has proposed that thorium is ionized in the arc
and drawn back to the surface by the electric. field near the cathode [14). This recycling of thorium
metal could explain the observed results. The cold cathode cratering process exposes new deposits
of thorium during startup. During steady state operation the thorium evaporates rapidly in the tip
and further upstream on the shaft. Thethorium vapor diffuses into the intense discharge zone near
the cathode tip and is ionized anddrawnbackto the surface. Thesupply rate by this mechanism is
evidently sufficiently high compared to theevaporationrate to resultin bulk condensation on the
tip. This isa powerful mechanism for the transport of thoriun from the cooler parts of the shaft
to the hottest region, and it relies completely on the existence of the arc to function. This process
results in the depletion of the thorium supply on the shaft, so the work functioninthisregion will
increascas the coverage d ecreases. The tip work function may also increase initially as the coverage
passes through the value f= 1 and forms bulk thorium lakes 011 the surface. The electron emission
on the tip may be dominated by emission from the bulk thorium sites or from thoriated tungsten
surfaces between the bulk deposits, so it is difficull to conclude what the effective work function
would be from this evidence.

This physical picture may explain the therial transient behavior observed in the experiments.
Theinitial increase in tip temperature may’ be associated withthe buildup of thorium, after which
the eflective work function becomes stable at some value between the minimum and that of bulk
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thorium. Thetip temperature thenbecomes stable. However, depletion of thorium still occurs along
the shaft, requiring increasing temperatures to maintain the emission component from this part of
the attachment. This process obviously cannot continue indefinitely. Gradual loss of thorium, even
rate- limited by the gas transport processes, Will eventually deplete the resources uncovered in the
cratering process Or available from thin surface layers.

The microstructural changes that occur during operation may also affect the radiant heat flux
and the temperature measurements. Surface roughening by formation of the porous structures can
increase the surface emittance, while subsequent thermal polishing can cause it to decrease. I'urther
characterization of long- termaterial behavior is required to resolve this issue.

conclusions

The database of cathode axial temperature profiles has been extended to ambient argon pres-
sures as high as 6000 Pa for current levels ranging fromn 600 to 1000 A. llowever, the transient
behavior of the temperature distribution complicates comparison With model predictions. The
emittance measurcinents suggest a value ranging from ().53 to 0.66 is appropriate, probably as a
result of surface roughening. Recent comparisons of themodels with preliminary temperature mea-
surements agreed wellat a currentlevel of 1000 A and below using this emittance, but this appears
to p roduce too much cooling along the cathode shaft for currents above 1000 A. Additional testing
is required to extend the measurements further upstream on the shaft. The size of the attachment
arca was characterized based 011 argonionlineintensity distributions, yielding trends that agree
with model predictions but absolute values that are much higher than those given by the models.
The existence of a much smaller luminous plasma region near the cathode tip and asmall arca
of tungsten recrystallization and thorium accumulation on the tip suggests that the most active
attachment zoneis much smaller than the extent of the plasma luminosity. The pressure tap mea-
surements consistently showed tip pressures substantially lower than the tank pressure measured on
the chamber door. Further experiments with additional pressure taps to measure the ambient pres-
sure closer to the attachment zone are planned. The surf am examinationsrevealed that thorium
deposits are exposed by the cold cathode cratering process and subscquent segregation of thoriuin
metal occurs over the cathode surface during steady state operatioll. The thorium is depleted on
the cathode shaft and preferentially deposited onthe cathode tip, possibly because it iS ionized in
the plasma near the tip and drawn back to thesurface by the electric. field. These observations
place bounds 011 the tip work function,butthe axia and temporal variations in thorium coverage
complicate the models.
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Figure 23: Tiny tungsten depressions filled with thorium nietal.

boundaries or pores [13],a,nd at the temperatures observed inthese experi ments the desorption rate
of thorium greatly exceeds the diffusion rate from the interior. The discovery of large quantities
of thorium on the hottest part of the cathode proves the existence of an additional mass transport
step which limits the rate of thorium loss. Zimin has proposed that thorium is ionized in the arc
and drawn back to the surface by the electric field near the cathode []4]. This recycling of thorium
met al coul d explain the observed results. The cold cat bode crat ering process exposes new deposits
of thorium during startup. During sSteady state operation the thorium evaporates rapidly in the tip
and further upstream on the shaft, The thorium vapor diffuses into the intense discharge zonernear
the cathode tip and is ionized and drawn back to the surface. The supply rate by this mechanism is
evidently sufficiently high comparedto the evaporation rate to result in bulk condensation on the
tip. This is a powerful mechanism for the transport of thorium from the cooler parts of the shaft
to the hottest region, and it relies completely on the existence of the arc to function. This process
results in the depletion of the thorium supply on the shaft, so the work function in this region will
increase as the coverage decreases. The tip work function may alse increase initially as the coverage
passes through the value f= 1 and forms bulk thorium lakes on the surface. The electron emission
on the tip may be dominated by emission from the bulk thorium sites or from thoriated tungsten
surfaces between the bulk deposits, so it is difficult to conclude what the effective work function
would be {from this evidence.

This physical picture may explain thethermal transient behavior observed in the experiments.
The initial increase in tip temperature may be associated with the buildup of thorium, after which
the effective work function becomes stable at some value between the minimum and that of bulk
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Figure 22: Magnified image of the fern-like structures.
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Figure18: Thorium deposits on floor of crater found after 12 sec of operation.

arc probably formed by T€¢T¥Stallization of tungsten at high operating t emperatures or by vapor
deposition of tungsten.

The most astonishing feature of this cathode, however, was the enormous concentration of
thorium on the tip. The rough, ligher material smeared amongst the crystalline structures in
Fig, (19) is thorium metal. Such deposits were found al over the tip, demonstrating clearly that
some process results in the concentration of thorium on the hottest part of the cathode surface.

Examination of the shaft of the cathode that had been run for over five hours revealed thorium
deposits on the floor of large craters about 15 mm from the tip. The shaft downstream of this
point appeared to be depleted of thorium. Substantial restructuring of the tip had also occurred
on this cathode, with the characteristic tungsten crystals, coral-like structures and clogged craters,
However, on the extreme tip was an extraordinary new feature. A circular region approximately
1.6 mm in diameter was composed of structures that looked like fern leaves, as shown in Fig. (21).
The stem and ribs of the structures are pure tungsten, and the material that appears to have
flowed between them is pure thorium. A magnified image of one of the leaves is shown in Fig. (22).
EDS analysis reveals that thorium metal, has accumulated between each of the ribs shown in this
photomicrograph. Inother areas on the tip the surface was composed of scalloped or wave-like
structures as shown in Fig. (23). Each of these pure tungsten depressions is filled with a tiny
lake of thorium. The cathode tip temperature exceeds the melting temperature of thorium, so
the cathode tip must operate with pools of molten thorium metal which collect in the depressions
belween the tungsten structures. *

Thorium can apparently be supplied to the surface from a thin layer by diffusion along grain
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